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nutrient and transport metabolic intermediates to the retinal
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Metabolite transport is a major function of the retinal pig-
ment epithelium (RPE) to support the neural retina. RPE dys-
function plays a significant role in retinal degenerative diseases.
We have used mass spectrometry with 13C tracers to systemati-
cally study nutrient consumption and metabolite transport in
cultured human fetal RPE. LC/MS-MS detected 120 metabolites
in the medium from either the apical or basal side. Surprisingly,
more proline is consumed than any other nutrient, including
glucose, taurine, lipids, vitamins, or other amino acids. Besides
being oxidized through the Krebs cycle, proline is used to make
citrate via reductive carboxylation. Citrate, made either from
13C proline or from 13C glucose, is preferentially exported to the
apical side and is taken up by the retina. In conclusion, RPE cells
consume multiple nutrients, including glucose and taurine, but
prefer proline, and they actively synthesize and export meta-
bolic intermediates to the apical side to nourish the outer retina.

The retinal pigment epithelium (RPE)3 in the vertebrate eye
is a monolayer of polarized pigmented epithelial cells that is
situated between the photoreceptors and the choroidal blood
supply. The RPE provides critical support for the function of the
neural retina. It has many long microvilli at its apical side that
wrap around the photoreceptor outer segments. On its basal
side, the RPE forms convoluted microinfolds that increase its
surface area. It transports nutrients and metabolites, recycles

retinoids, and engulfs shed outer segment (1, 2). Failure of the
RPE leads to photoreceptor degeneration in diseases including
age-related macular degeneration (AMD), bestrophinopathy,
and Sorsby fundus dystrophy (3–7).

A major function of the RPE is to transport metabolites
between the choroid and retina. Photoreceptors have a high
demand for energy and are highly glycolytic; like many cancer
cells, they metabolize about 90% of the glucose they consume
into lactate (8, 9). RPE cells directionally transport glucose to
the retina and lactate into the blood through highly expressed
glucose transporters and monocarboxylate transporters on
both the apical and basal membranes (1, 10, 11). Loss of mono-
carboxylate transporters causes retinal dysfunction and degen-
eration (12, 13). However, less is known about the transport of
other nutrients and metabolites through the RPE.

The RPE requires an active metabolism to support its multi-
ple functions. Either suppression of its mitochondrial metabo-
lism or activation of glycolysis can cause RPE dysfunction to
induce an AMD-like phenotype in mouse models (14, 15). How
the RPE imports nutrients to support its own energy demands is
still unclear.

Human fetal RPE (hfRPE) cultures have similar morpholog-
ical and physiological characteristics as native RPE (16). These
cultures have been well-characterized as a useful model for
evaluating RPE metabolism (17) and RPE diseases, including
AMD (18). The RPE cultures used in the experiments con-
ducted in this manuscript are of a similar age in culture as the
ones used in studies published previously, including investiga-
tions of the cause of AMD.

MS provides a sensitive, quantitative, and high-throughput
platform to measure metabolites. Transport of metabolites
labeled with a stable isotope and biochemical transformations
of those metabolites can be monitored. In this report, we use
both LC/MS-MS and GC-MS coupled with 13C metabolic flux
analysis to investigate how nutrients are consumed and how
metabolites are transported through cultured hfRPE cells. Sur-
prisingly, we found that proline is the most preferred fuel for
RPE cells. They convert proline into ornithine and mitochon-
drial intermediates through multiple mitochondrial pathways.
We also found that RPE transports metabolic intermediates,
including citrate, glutamate, serine, and glycine, to its apical
side and that, when these metabolites are released from the
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apical RPE, they can be taken up by the retina. We report here a
comprehensive study of nutrient utilization and metabolite
transport in RPE. Our findings provide new insights into RPE
biochemistry and physiology and its role in the pathogenesis of
retinal diseases, including AMD.

Results

RPE preferentially consumes proline, glucose, and taurine, and
it exports metabolic intermediates from both its apical and
basal surfaces

To examine how the RPE consumes and metabolizes nutri-
ents, we cultured hfRPE cells on filter membrane inserts (Fig.
1A) and quantified metabolites in RPE culture medium from

both the apical and basal chambers 0, 8, and 24 h after changing
the culture to fresh medium (Fig. 1B). RPE cells cultured on
filter inserts developed the polarity seen in native tissue, includ-
ing apical microvilli, basal infoldings, and tight junctions, as
seen by transmission electron microscopy (supplemental Fig.
1). For these experiments, we used a rich RPE medium contain-
ing all 20 amino acids, glucose, taurine, pyruvate, and other
supplements (the formulation is listed in supplemental Table
1). We quantified 202 metabolites, covering most major meta-
bolic pathways, and detected 110 metabolites in the medium
(supplemental Table 2). Of these metabolites, 53 changed sub-
stantially between 0 and 8 h (-fold change �1.3 or ��1.3) (Fig.
1B). Surprisingly, more proline was consumed than any of the

Figure 1. The nutrient consumption of hfRPE cells from the apical and basal sides. A, schematic illustrating hfRPE cultured on transwell filter membranes
with 500 �l of RPE medium on each side. MEM �, minimum Eagle’s medium �. B, metabolite consumption and generation in RPE. 40 �l of medium was sampled
from each side at different time points, and metabolites were analyzed by LC/MS-MS. Green represents consumed metabolites, and red represents generated
metabolites. Data are the average -fold change � S.D. over the intensity at 0 h from the apical side with the exception of acetoacetate. Acetoacetate is
undetectable at 0 h, and its change is represented as -fold over intensity at 8 h from the apical side. *, p � 0.05 versus 0 h control (n � 4).

Metabolite transport in RPE
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other metabolites we measured. After 24 h, the amount of pro-
line decreased 15.3-fold on the apical side and 2.1-fold on
the basal side. As expected, RPE also consumed substantial
amounts of glucose (�2.5) and taurine (�3.3). Other metabo-
lites decreased by less than �2-fold. Nutrients in the medium
were consumed through multiple pathways, including the tri-
carboxylic acid (TCA), �-oxidation, ketogenesis, and pentose
phosphate pathways. Intermediates in those pathways accumu-
lated in the medium at 8 and 24 h. For example, lactate, 3-hy-
droxybutyrate, citrate, and 1-methyladenosine increased �10-
fold on the apical side (Fig. 1B). In general, these intermediates
increased earlier and more substantially on the apical side com-
pared with the basal side, suggesting that RPE may actively
transport these metabolites. To exclude the influence of filter
coating on metabolite transport, we quantified the ratios of
metabolites from the two sides from wells with coated inserts
without RPE after 24-h incubation. The metabolites reached
equilibrium with ratios between the two sides of less than 1.2
(supplemental Table 3).

Proline is converted into ornithine and TCA cycle
intermediates through both oxidative and reductive pathways

To determine how proline is metabolized, we used
[U-13C]proline to trace its metabolism through known path-
ways. For example, proline can be reduced to form pyrroline-5-
carboxylate (P5C). P5C can be converted into ornithine or glu-
tamate, which can feed into the TCA cycle (Fig. 2A). To avoid
interference from other nutrient sources, we changed the
medium to KRB containing only 5 mM glucose and 2 mM

[U-13C]proline. After 1 h, the intensity of [U-13C]proline
dropped 20% in the medium (supplemental Fig. 2), consistent
with our finding that RPE cells prefer proline. Even in the pres-
ence of unlabeled glucose, about half of the pool of ornithine,
glutamate, and TCA cycle intermediates was labeled with 13C
from [13C]proline (Fig. 2B). Only �5% of pyruvate, alanine,
and lactate become labeled, possibly through malic enzyme
activity. Proline can also be hydroxylated to form hydroxy-
proline. However, we did not detect any [13C]hydroxyproline

Figure 2. Proline is utilized to generate intermediates through both mitochondrial oxidative and reductive pathways. A, schematic of tracing proline
metabolism in RPE cells. hfRPE cells were grown in 6-well plates and incubated with [U-13C]proline (13C carbon in blue) and glucose (12C carbon in black). B,
[U-13C]proline-labeled metabolites in hfRPE. hfRPE cells were incubated with 2 mM [U-13C]proline in the presence of 5 mM glucose in KRB for 1 h. C, schematic
of mitochondrial oxidative and reductive pathways. Shown in blue is 13C (labeled), and shown in black is 12C (unlabeled). D, [U-13C]proline labeled both
oxidative and reductive pathways. M4 citrate/isocitrate derives from the oxidative pathway, and M5 citrate/isocitrate derives from the reductive pathway. E
and F, [U-13C]proline-labeled intermediates that are exported into the medium (n � 3).

Metabolite transport in RPE
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after 1 h, indicating that free proline may not be hydroxy-
lated into hydroxyproline or that hydroxyproline turnover is
slow.

Recently, we reported that reductive carboxylation is a major
metabolic pathway in RPE cells (19). When [U-13C]proline is
used to generate citrate by reductive carboxylation, all five car-
bons from citrate are labeled with 13C (M5); if it goes through
the classic TCA cycle, then one carbon is removed by decarbox-
ylation catalyzed by �-ketoglutarate (�KG) dehydrogenase, so
the citrate produced is M4 (Fig. 2C). We found that M5 citrate/
isocitrate is the predominant isotopomer after 1-h labeling of
hfRPE cells with [13C]proline. M5 citrate is 2.5-fold more
enriched than M4 citrate/isocitrate (Fig. 2D). The M3 and M2
isotopomers are derivatives of M5 and M4, respectively, after a
second round of reactions after citrate lyase. Proline-derived
citrate and other intermediates are exported into the medium
(Fig. 2E). M5 citrate also is the predominant isotopomer in the
medium (Fig. 2F).

RPE exports proline-derived intermediates preferentially to the
apical side

We evaluated the fate of metabolites derived from proline by
incubating hfRPE on transwell filters with [U-13C]proline in
DMEM with glucose and 1% FBS on the basal side of the filter
(Fig. 3A). The enrichment of intermediates with 13C increased
from 2 h on both the apical and basal sides and reached its
highest point at 24 h (Fig. 3, B and C). The metabolites on the
apical side increased more substantially at 8 h (Fig. 3D), but the
differences between apical and basal levels were somewhat
smaller by 24 h.

RPE exports glucose-derived intermediates preferentially to
the apical side

Glucose is considered to be an essential nutrient source for
RPE (20). We confirmed this by showing that glucose is con-
sumed significantly in hfRPE culture (Fig. 1B). To study how
intermediates derived from glucose are exported from RPE
cells, we added [U-13C]glucose at either the apical or basal side
with unlabeled glucose on the opposite side and quantified the
labeled intermediates from both sides at 8, 24, and 48 h (Fig. 4,
A and E). GC-MS data showed a time-dependent increase of
intermediates from glucose metabolism in the medium from
both apical and basal sides. Lactate, pyruvate, alanine, serine,
and glycine are generated from glycolysis, and citrate, malate,
glutamate, and glutamine are from the mitochondrial TCA
cycle (Fig. 4 and supplemental Fig. 3). When [13C]glucose is
added to the apical side, the apical intermediates reach a steady
state by 24 h, whereas accumulation of most intermediates on
the basal side is delayed (Fig. 4, B and C). The concentration
difference of labeled metabolites between apical and basal com-
partments was highest at 8 h, with �10-fold more on the apical
side (Fig. 4D). When [13C]glucose is provided on the basal side
(Fig. 4E), intermediates were labeled more slowly with lower
enrichment. The concentration difference also is less obvious
for most intermediates, with the exception of glutamine (Fig. 4,
F–H). Serine and glycine labeled with 13C also are exported
(supplemental Fig. 3). Because there were high concentrations
of unlabeled serine and glycine (0.4 mM) in the DMEM, the
apparent enrichment of serine and glycine was diluted to less
than 5%. Remarkably, no matter the side to which [13C]glucose
was added, citrate, glutamate, and glutamine were at higher

Figure 3. Proline is consumed to generate intermediates on both the apical and basal sides. A, schematic illustrating hfRPE cells with [U-13C]proline added
to the basal side. hfRPE was cultured on filter membrane inserts with 500 �l of DMEM containing 5.5 mM glucose and 1% FBS on each side. B and C, 13C-labeled
intermediates in the medium from the apical and basal sides. D, the distribution of [13C]proline-labeled intermediates on the apical compared with the basal
side. The data are represented as the ratio of the intensity of labeled metabolites from the apical side to that of the basal side. The red line represents an even
distribution (ratio � 1). *, p � 0.05 versus 2-h control; #, p � 0.05 versus 8-h control (n � 3).
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levels on the apical side than on the basal side, suggesting that
export of these metabolites can supply energy to the outer
retina.

Mitochondrial function enhances transport of some metabolic
intermediates

We noted that mitochondrial intermediates are exported
into the medium. To test the importance of mitochondrial
energy metabolism in metabolite transport, we used rotenone
to block mitochondrial respiratory complex I in hfRPE cells
(Fig. 5A). When complex I (NADH dehydrogenase) is inhibited,

NADH should accumulate in the mitochondrial matrix. Malate
can be exported to the cytoplasm, where its reducing power can
be transferred through NADH to convert pyruvate to lactate.
Pyruvate is drawn away from entering mitochondria, and oxa-
loacetate is drawn out of the matrix as malate. Together, these
would decrease the matrix concentrations of the substrates for
synthesizing citrate (Fig. 5A). Consistent with this interpreta-
tion, we found that 8 h of rotenone treatment caused relative
increases of lactate and malate and a relative decrease of pyru-
vate and citrate. We noted that glycine and serine decreased
more substantially on the basal side (Fig. 5, B and C). We also noted

Figure 4. Distribution of glucose-derived intermediates on the apical and basal sides. A and E, schematic illustrating hfRPE cultured on filter membrane
inserts with 500 �l of DMEM containing 2 mM glutamine and 1% FBS on each side. 5.5 mM [U-13C]glucose was added to either the apical side (A) or the basal side
(E), and 5.5 mM unlabeled glucose was added to the contralateral side. B, C, F, and G, 13C-labeled intermediates in medium from the apical and basal side after
8, 24, and 48 h. D and H, the distribution of [13C]glucose-labeled intermediates on the apical compared with the basal side. The data are represented as the ratio
of the intensity of labeled metabolites from the apical side to that of the basal side. The red line represents even distribution (ratio � 1). *, p � 0.05 versus 8-h
control; #, p � 0.05 versus 24-h control (n � 3).
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that inhibition of mitochondrial metabolism abrogated the apical
preference for citrate, malate, glutamate, and alanine (Fig. 5D). To
monitor cell death, we tested the release of lactate dehydrogenase
from the cells into the medium. There was little evidence of cell
death in these experiments (supplemental Fig. 4).

The retina imports metabolites exported by the RPE

To determine whether metabolites from the RPE can be
imported as nutrients by the retina, we co-cultured mouse ret-
ina with photoreceptors in contact with the apical side of RPE
cells grown on transwell filters. We then added [13C]glucose to
the basal side (Fig. 6A). The retina has a high rate of aerobic
glycolysis that metabolizes glucose to lactate. As expected, the
retina enhanced accumulation of labeled lactate in both the
apical and basal chambers. The retina caused depletion of both
citrate and glutamate from the apical medium, indicating that
they were taken up by the retina. Glutamine accumulated on
the apical side but decreased on the basal side. Labeled serine
and glycine were depleted only on the basal side (Fig. 6, B and

C). To examine how retina co-culture affected RPE metabo-
lism, we quantified the intracellular metabolites in RPE cells.
Only lactate was increased in RPE cells co-cultured with retina,
supporting the idea that RPE imports retina-derived lactate.
These results suggest that the retina does not significantly affect
intracellular glucose metabolism in RPE under these conditions
(Fig. 6D).

To further examine whether metabolites released into the
medium by RPE cells are used by the retina, we compared
labeled metabolites in retina from [13C]glucose with or without
RPE. Strikingly, co-culture with RPE markedly increased lac-
tate, pyruvate, citrate, �KG, alanine, glutamine, serine, and gly-
cine (Fig. 6E), corroborating our hypothesis that RPE exports
intermediates to support the retina (Fig. 6F).

Discussion

RPE culture is an excellent in vitro model to study RPE func-
tion and AMD (17, 21). In this study, we used targeted metabo-
lomics to study how the RPE consumes nutrients. Unexpect-

Figure 5. Mitochondrial function is essential for metabolite export. A, top panel, schematic illustrating hfRPE culture on filter membrane inserts with
medium containing 5.5 mM glucose and 2 mM glutamine in DMEM with 1% FBS in both apical and basal chambers. Bottom panel, schematic of how inhibition
of mitochondrial complex I with rotenone redistributes the redox from mitochondria to the cytosol and impacts metabolite levels. Red denotes an increase, and
green denotes a decrease. B–D, inhibition of mitochondrial complex I by treatment with rotenone for 8 h. The data are represented as the -fold change of
metabolite intensity with rotenone treatment over the untreated control on the apical side (B) and basal side (C). D, data are represented as the -fold change
of metabolite intensity in the basal compartment of untreated controls. *, p � 0.05 versus control on the apical or basal side; #, p � 0.05 versus rotenone on the
apical or basal side; NS, no significance (n � 3).
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edly, we found that RPE cells prefer proline as an energy
substrate. We also developed a stable isotope-based approach
to trace metabolite transport out of the RPE to either its apical
or its basal side, and we showed that metabolites exported from
the RPE can support retinal metabolism.

Proline is consumed by RPE cells faster than any other nutri-
ents in the culture medium. Proline is a non-essential amino
acid that is not normally included in standard DMEM prepara-
tions. However, proline ranging from 10 –115 mg/liter is typi-
cally included in most of the widely used protocols for human
RPE culture media (16, 21–27). Proline can be provided within
the RPE by synthesis either from glutamate by P5C synthase or
from ornithine by ornithine aminotransferase (OAT). Defi-
ciency of OAT can cause gyrate atrophy, an inborn error of
metabolism characterized by lobular loss of RPE and choroid
(28, 29). RPE has been identified as the major and most early
damaged site in gyrate atrophy (29). Intriguingly, supplemen-
tation with proline rescues ornithine cytotoxicity induced by
inhibition of OAT in RPE cells (30, 31). Under our experimental
conditions, glutamate and arginine (the precursor of ornithine)

are not significantly used in 24 h (Fig. 1B), indicating that pro-
line in RPE cells is more dependent on exogenous supply.

Proline imported into RPE cells can be catabolized into glu-
tamate for mitochondrial intermediates and into ornithine for
urea cycle activity. We found that 13C from proline replaced
50% of the endogenous glutamate, ornithine, and mitochon-
drial intermediates within 1 h (Fig. 2B). Labeled glutamate and
ornithine accumulated at 24 h, even in the presence of abun-
dant glutamate, glutamine, and arginine in the RPE culture
medium (Fig. 2B). These results demonstrate that proline is an
important nutrient source for RPE metabolism. In addition to
being oxidized through the TCA cycle, proline fuels the active
reductive carboxylation pathway we reported previously in RPE
cells (19). Reductive carboxylation increases mitochondrial
bioenergetics and cellular resistance against oxidative damage.
Both mitochondrial dysfunction and oxidative stress are major
contributors to the pathogenesis of AMD. Our findings high-
light the need to elucidate how proline catabolism contributes
to RPE metabolism in vivo and how it is influenced in diseased
RPE cells.

Figure 6. Retina uptake of the metabolites released by RPE. A, top panel, schematic illustrating hfRPE cultured on filter inserts with and without mouse
retina overlay. The medium consisted of DMEM with 1% FBS and 2 mM glutamine with unlabeled 5.5 mM glucose on the apical side and 5.5 mM [U-13C]glucose
on the basal side. B and C, the intensity of labeled metabolites in apical or basal medium. *, p � 0.05 versus RPE cells only (n � 3). D, the intensity of labeled
metabolites in RPE cells. *, p � 0.05 versus RPE cells only (n � 3). E, the intensity of labeled metabolites in mouse retina. Mouse retina was incubated with
[U-13C]glucose with or without RPE cells. *, p � 0.05 versus retina only (n � 3). F, schematic of metabolite transport between the RPE and retina.
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Proline and its hydroxylated form, hydroxyproline, make up
25% of collagen (32), which is the most abundant protein in
extracellular matrix (ECM) and in the collagenous zones of the
Bruch membrane (BrM). The BrM is located between the RPE
and the choroid, and ECM remodeling plays a critical role in the
deposition of drusen in the BrM in AMD (33). Mutations of
ECM metabolism genes have been identified in AMD patients
(34). RPE cells control collagen synthesis for the BrM (35). Both
[14C]proline and [3H]proline were incorporated in newly syn-
thesized collagen in feline RPE cells and aged primate RPE cells
(36, 37). In our preparations, RPE cells have abundant free
hydroxyproline; however, it is not labeled by [13C]proline in 1 h
(Fig. 2B). This indicates that the hydroxylation of proline occurs
after nascent collagen synthesis (38). It also suggests that the
hydroxyproline turnover in collagen synthesis and degradation
is a very slow process. Interestingly, one proline transporter,
SLC6A20, is one of 154 RPE signature genes that is specifically
and highly expressed in human RPE by a comparative study of
gene expression from 78 tissues (39). Additional investigations
will be required to show how carbons from proline are distrib-
uted to various metabolic pathways, how proline is transported,
and how deprivation of proline in culture impacts RPE differ-
entiation and function.

Besides proline, RPE also consumes substantial amounts of
taurine and glucose. Photoreceptors are enriched with taurine,
and they use glucose for aerobic glycolysis. RPE expresses glu-
cose transporters and taurine transporters and is enriched with
these two nutrients (10, 40, 41). Taurine supplementation pro-
motes RPE proliferation and suppresses cell death in RPE cul-
ture (42, 43). As a well-known essential nutrient source, glucose
is included in almost all RPE culture protocols. Deprivation of
glucose reduces RPE viability, and attempts to rescue glucose-
deprived RPE using other energy substrates have not been suc-
cessful (20). These reports are consistent with our finding that
the RPE needs these two basic nutrients under standard culture
conditions.

We found that RPE cells export metabolic intermediates
other than lactate and �-hydroxybutyrate into the culture
medium. Citrate, glutamate, and glutamine are predominantly
enriched in the culture medium on the apical side. Little is
known about plasma membrane transporters for citrate and
glutamine in RPE. Glutamate transporters have been found in
cultured RPE cells, but their distribution is unknown (44, 45).
Citrate is a key component of the TCA cycle, an important
substrate for lipid biosynthesis, and a chelator for divalent cat-
ions like Ca2�, Zn2�, Fe2�, and Mg2� (46). Citrate is produced
in the mitochondria and exported into the cytosol through the
mitochondrial citrate transporter (SLC25a1). Alternatively, cit-
rate can also be synthesized in the cytosol from �KG through
reductive carboxylation by isocitrate dehydrogenase 1 (47).
Three citrate transporters (SLC13A2, SLC13A3, and SLC13A5)
are responsible for intracellular citrate transport or for import
of citrate from blood (48). The citrate concentration in cerebro-
spinal fluid is about 0.4 mM (49). 13C NMR spectroscopy has
shown that astrocytes, but not neurons, are capable of export-
ing citrate (46, 49). Microvilli from the RPE surround photore-
ceptors outer segments. Photoreceptor uptake of citrate
derived from the RPE might facilitate glycolysis by supplying

oxaloacetate to shuttle reducing power into mitochondria, pro-
vide acetyl-CoA for fatty acid synthesis, be utilized directly for
the TCA cycle, and/or regulate divalent cations in the outer
segment. Our RPE/retina co-culture experiments showing
increased lactate, pyruvate, �KG, and glutamine in the mouse
retina (Fig. 6E) support this hypothesis.

In the retina, glutamine is synthesized in glia cells and trans-
ported into photoreceptors to generate glutamate. We have
reported a neuron-glial metabolism model in which lactate,
together with neuron-derived aspartate, is used for glutamine
synthesis in Müller cells in the retina (50). Our RPE/retina co-
culture experiments revealed increased labeled glutamine in
the retina and the apical medium with no change in RPE cells.
Under our culture conditions, it appears that lactate produced
either by the RPE or by photoreceptors in the retina contributes
to glutamine synthesis within Müller cells. Additionally, gluta-
mate is depleted from the apical medium when retina is pres-
ent, suggesting that RPE cells might contribute to the gluta-
mine-glutamate cycle.

Serine and glycine are synthesized from 3-phosphoglycerate,
a glycolytic intermediate. Surprisingly, RPE causes an �7-fold
increase in incorporation of 13C from glucose into serine and
glycine (Fig. 6E). Serine is used for biosynthesis of glycerophos-
pholipids, sphingosine, and ceramide. These phospholipids are
in high demand for the daily renewal of shed outer segments
(51). Glycine is essential for purine biosynthesis. Purines like
cGMP, ATP, and hypoxanthine are required for phototrans-
duction (8). Additionally, metabolism of serine and glycine is an
important source of NADPH, which is needed for anti-oxida-
tive stress and lipid synthesis (52). Recent genome-wide analy-
ses have shown that several key enzymes in the serine and gly-
cine pathways have common variants associated with macular
telangiectasia type 2, a neurovascular degenerative retinal dis-
ease (53).

In summary, we have shown that proline is a preferred nutri-
ent source for cultured RPE cells. Proline is used to generate
mitochondrial intermediates through both oxidative and
reductive pathways. We found that RPE cells transport glucose-
derived citrate, glutamate, serine, and glycine from their apical
surface to be used by the retina. These findings reveal how RPE
utilizes substrates and provide insights into RPE biochemistry
and retinal diseases. It is important to note that we have shown
in this study how RPE cells have these preferences when grown
in culture. Additional experiments will be required to confirm
that RPE cells in the eye of a live animal have similar preferences
for metabolic fuels.

Experimental procedures

Reagents

Unless otherwise specified, all reagents were obtained from
Sigma.

RPE cell culture

Human fetal RPE was isolated from fetal tissue (16 –18 weeks
of gestation) as reported previously (19, 26) and cultured for 4
weeks to form a confluent, pigmented monolayer of hexagonal
cells. For nutrient transport experiments, RPE cells were pas-
saged and grown on 0.4-�m transparent polyethylene tereph-

Metabolite transport in RPE

12902 J. Biol. Chem. (2017) 292(31) 12895–12905

 at W
E

ST
 V

IR
G

IN
IA

 U
N

IV
 on A

ugust 17, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


thalate membrane inserts (Corning, 353180) precoated with
Matrigel (BD Biosciences) at 1 	 105 cells/insert for 4 – 6 weeks.
The cells were cultured in RPE medium consisting of � mini-
mum Eagle’s medium (Life Technologies), non-essential amino
acids (Life Technologies), N1 supplement (Life Technologies),
1% (v/v) FBS (Atlanta Biologicals), taurine, hydrocortisone, and
triodo-thyronine (the detailed formulation of the medium can
be found in supplemental Table 1). Transepithelial resistance
(TER) was measured with a Millicell ERS-2 epithelial volt-ohm
meter (Millipore). The pigmented RPE cells cultured on filter
membranes with a TER � 200 ohm/cm2 were changed into 500
�l of fresh RPE medium or DMEM with 1% FBS and [U-13C]g-
lucose (Cambridge Isotope Laboratories Inc.) or [U-13C]pro-
line. 20 �l of medium was collected for metabolite analysis.

For the intracellular proline labeling experiments, RPE cells
were cultured in precoated 6-well plates for 4 – 6 weeks. Prior to
each experiment, the cells were changed into Krebs-Ringer
bicarbonate buffer (KRB) (54) containing 5 mM glucose and 2
mM [U-13C]proline and incubated for 1 h before collection of
medium and cells for metabolite analysis.

Retina and RPE co-culture

RPE cells grown on Millicell-HA filters (Millipore) for 4 – 6
weeks with TER � 200 ohm/cm2 were used for experiments.
Isolated mouse retinas were laid on top of the RPE cells, with
the photoreceptors facing the apical side of the RPE. Four cuts
were made to the retina to relieve the curvature, and minimal
medium was left in the apical chamber to make the retina flat.
After 1 h, the medium was carefully changed into DMEM con-
taining 1% FBS and 2 mM glutamine with unlabeled glucose on
the apical side and [U-13C]glucose on the basal side.

Sample preparation for metabolite analysis

20 �l of medium was mixed with 80 �l of cold methanol on
ice for 15 min to precipitate proteins. The mixture was centri-
fuged at 13,300 rpm for 15 min at 4 °C, and the supernatant was
lyophilized for analysis by either LC/MS-MS or GC-MS. RPE
cells, after removing the medium, were quickly rinsed with cold
0.9% NaCl and placed on dry ice to quench metabolism (54).
300 �l of 80% (v/v) methanol was added to each well, and cells
were scraped, homogenized, and spun down at 13,300 rpm at
4 °C for 15 min. The supernatant was dried for metabolite anal-
ysis, and the protein concentrations in the pellet were deter-
mined by BCA assay to normalize the metabolite data (54).

Metabolite analysis by LC/MS-MS

The LC/MS-MS method was described in detail previously
(8, 55, 56). Briefly, dried metabolites were reconstituted in 200
�l of 5 mM ammonium acetate in 95% water, 5% acetonitrile,
and 0.5% acetic acid and filtered through 0.45-�m PVDF filters.
The metabolites were separated by a ethylene bridged hybrid
Amid column (1.7 �m, 2.1 mm 	 150 mm, Waters) with an
Agilent 1260 LC (Agilent Technologies, Santa Clara, CA) and
detected using an AB Sciex QTrap 5500 mass spectrometer (AB
Sciex, Toronto, ON, Canada) system. Targeted data acquisition
was performed in multiple reaction monitoring modes for 202
transitions listed in supplemental Table 2. The extracted peaks
were integrated using MultiQuant 2.1 software (AB Sciex).

Metabolite analysis by GC-MS

All stable isotope-labeled metabolites were analyzed by
GC-MS as reported previously (8, 19, 54). Dried samples were
derivatized by methoxymine (Sigma) and N-tertbutyldimethyl-
silyl-N-methyltrifluoroacetamide (Sigma) and analyzed on an
Agilent 7890/5975C GC-MS system (Agilent Technologies)
using an HP-5MS column (30 m 	 0.25 mm 	 0.25 �m, Agi-
lent). The peaks were analyzed using Agilent Chemstation soft-
ware, and the measured distribution of mass isotopomers was
corrected for natural abundance with IsoCor software. Methyl-
succinate was added to each sample as a reference. Enrichment
was calculated by dividing the labeled ions by the total ion
intensity.

Statistics

Data are expressed as the mean � S.D. The significance of
differences between means was determined by unpaired two-
tailed t tests or analysis of variance with an appropriate post hoc
test. p � 0.05 was considered to be significant.
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Supplemental Materials 

Supplemental Method 

Transmission electron microscopy of RPE/filter complex.  RPE cultured on PET filter membranes for 4-6 

weeks were fixed in half-strength Karnovsky's Fixative (2.5% glutaraldehyde, 2% formaldehyde in 0.1M 

buffer) for several days. Fixative was rinsed away with sodium cacodylate buffer.  The scaffolds were 

stained with 2% osmium tetroxide for 1 hour, rinsed, and taken through a 30% to 100% ethanol 

dehydration series and two changes of propylene oxide.  Dehydrated samples were embedded in 

EPON18+Araldite 502 (Electron Microscopy Sciences) before being cured for 24 hours at 60°C. 

Ultrathin (80 nm) sections were contrasted with lead citrate after being placed on copper grids for 

imaging with a JEOL JEM 1200EXII at 80 kV and a spot size of 3. 

Supplemental Figure legends 

Supplemental Table 1. Detected metabolites by LC MS in hfRPE culture medium  

Supplemental Table 2. The formulation of RPE Medium 

Supplemental Table 3. Metabolites in the apical and basal compartments in the absence of RPE 

cells 

Supplemental Figure 1.  Transmission electron microscopy (TEM) confirms polarity of RPE cells 

cultured on filter membranes.  (A) RPE form microvilli at their apical surface (arrow; scale bar = 1µm) 

as well as (B) infoldings (arrow; scale bar = 0.5µm) on the basal side attached to the filter membrane 

(asterisk).  (C) They also form tight junctions (arrow; scale bar = 1µm), which can be monitored by 

measuring transepithelial resistance.    

Supplemental Figure 2. RPE consumes 13C labeled proline in the medium. RPE cells were cultured in 

KRB containing 5 mM glucose and 2mM 13C proline for 1 h. Medium metabolites were analyzed by GC 

MS. The intensity of 13C proline was normalized to the medium at 0 h. N=3, *P<0.05 vs the medium at 

0h.    

Supplemental Figure 3.  Distribution of glucose-derived serine and glycine in the apical and basal 

side.  (A-C). fRPE was cultured on filter with 500 l of DMEM containing 2 mM glutamine and 1% FBS 

on each side with  U-13C glucose at the apical side and glucose at the basal side. The 13C labeled serine 

and glycine in the medium from the apical and basal side.  (D-F). The 13C labeled serine and glycine in 

the medium when U-13C glucose at the basal side.  N=3.  

Supplemental Figure 4.  Rotenone does not cause RPE cell death. After 8 h incubation with 100 nM 

rotenone or 500 uM hydrogen peroxide as positive control, the medium was tested for LDH activity. The 

data were normalized by the medium from the control. N=3. NS, no significance vs Con; *P<0.05 vs Con.  

 

 

 

 

 



Supplemental Table 1. Formulation of RPE medium 

 
Components 

 

Concentratio
n (mg/L) 

mM Category  Source 

Glycine 57.5 0.7667 Amino Acids MEM alpha + 
NEAA 

L-Alanine 33.9 0.3809 Amino Acids MEM alpha + 
NEAA 

L-Arginine hydrochloride 105 0.4976 Amino Acids MEM alpha 

L-Asparagine-H2O 63.2 0.4333 Amino Acids MEM alpha + 
NEAA 

L-Aspartic acid 43.3 0.3256 Amino Acids MEM alpha + 
NEAA 

L-Cysteine hydrochloride-H2O 100 0.5682 Amino Acids MEM alpha 

L-Cystine 2HCl 31 0.0990 Amino Acids MEM alpha 

L-Glutamic Acid 89.8 0.6102 Amino Acids MEM alpha + 
NEAA 

L-Glutamine 292 2.0000 Amino Acids MEM alpha 

L-Histidine hydrochloride-H2O 42 0.2000 Amino Acids MEM alpha 

L-Isoleucine 52.4 0.4000 Amino Acids MEM alpha 

L-Leucine 52 0.3969 Amino Acids MEM alpha 

L-Lysine hydrochloride 73 0.3989 Amino Acids MEM alpha 

L-Methionine 15 0.1007 Amino Acids MEM alpha 

L-Phenylalanine 32 0.1939 Amino Acids MEM alpha 

L-Proline 51.5 0.4478 Amino Acids MEM alpha + 
NEAA 

L-Serine 35.5 0.3381 Amino Acids MEM alpha + 
NEAA 

L-Threonine 48 0.4034 Amino Acids MEM alpha 

L-Tryptophan 10 0.0490 Amino Acids MEM alpha 

L-Tyrosine disodium salt 52 0.1985 Amino Acids MEM alpha 

L-Valine 46 0.3932 Amino Acids MEM alpha 

Ascorbic Acid 50 0.2841 Vitamins MEM alpha 

Biotin 0.1 0.0004 Vitamins MEM alpha 

Choline chloride 1 0.0071 Vitamins MEM alpha 

D-Calcium pantothenate 1 0.0021 Vitamins MEM alpha 

Folic Acid 1 0.0023 Vitamins MEM alpha 

Niacinamide 1 0.0082 Vitamins MEM alpha 

Pyridoxal hydrochloride 1 0.0049 Vitamins MEM alpha 

Riboflavin 0.1 0.0003 Vitamins MEM alpha 



Thiamine hydrochloride 1 0.0030 Vitamins MEM alpha 

Vitamin B12 1.36 0.0010 Vitamins MEM alpha 

i-Inositol 2 0.0111 Vitamins MEM alpha 

Calcium Chloride (CaCl2) (anhyd.) 200 1.8018 Inorganic Salts MEM alpha 

Magnesium Sulfate (MgSO4) 
(anhyd.) 

97.67 0.8139 Inorganic Salts MEM alpha 

Potassium Chloride (KCl) 400 5.3333 Inorganic Salts MEM alpha 

Sodium Bicarbonate (NaHCO3) 2200 26.1905 Inorganic Salts MEM alpha 

Sodium Chloride (NaCl) 6800 117.241
4 

Inorganic Salts MEM alpha 

Sodium Phosphate monobasic 
(NaH2PO4-H2O) 

140 1.0145 Inorganic Salts MEM alpha 

D-Glucose (Dextrose) 1000 5.5556 Other 
components 

MEM alpha 

Lipoic Acid 0.2 0.0010 Other 
components 

MEM alpha 

Phenol Red 10 0.0266 Other 
components 

MEM alpha 

Sodium Pyruvate 110 1.0000 Other 
components 

MEM alpha 

Recombinant human insulin 5 
 

Other 
components 

N1 Supplement 

human transferrin  5 
 

Other 
components 

N1 Supplement 

Sodium selenite 0.005 
 

Other 
components 

N1 Supplement 

Putrescine 16 
 

Other 
components 

N1 Supplement 

Progesterone 0.0073 
 

Other 
components 

N1 Supplement 

Taurine 250 
  

Supplement 

Hydrocortisone 0.02 
  

Supplement 

triiodo-thyronine 0.000013 
  

Supplement 

Fetal Bovine Serum  1% (V/V) 
  

Supplement 

 

 

 

 

 

 



Supplemental Table 2. The detected metabolites by LC MS in hfRPE culture medium 

Metabolite   Q1/Q3 CAS Metabolic pathways Detected  

1-Methyladenosine  282.0 / 150.1 15763-06-1 Nucleotide/Purine 

metabolism 

 Yes 

2-Aminoadipate  160.1 / 116.0 542-32-5 Amino acids 

metabolism/Lys 

 Yes 

2-Hydroxyglutarate  147.0 / 129.0 63512-50-5 Amino-acid metabolism & 

Glycine/Serine/Threonine 

metabolism 

 Yes 

2-Hydroxyisovaleric Acid  117.0 / 71.0 625-08-1 Amino Acid  Yes 

3HBA  103.0 / 59.0 625-72-9 TCA Cycle  Yes 

3-Methyl-2-Oxovaleric Acid  129.0 / 101.0 1460-34-0 Amino Acid  Yes 

4-Hydroxybutyrate  105.0 / 77.0 591-81-1 Lipids/phospholipids, 

ligand 

 Yes 

4-Pyridoxic acid  182.1 / 138.0 82-82-6 Vitamins/B6  Yes 

5-Aminovaleric Acid  118.0 / 55.0 660-88-8 Amino Acid  Yes 

Acetoacetate  101.0 / 57.0 541-50-4 Ketone   Yes 

Acetylcarnitine  204.1 / 85.0 3040-38-8 Fatty acid Oxidation  Yes 

Acetylcholine  146.1 / 87.0 60-32-1 Lipids/phospholipids, 

ligand 

 Yes 

Aconitate  173.0 / 85.0 4023-65-8 TCA Cycle  Yes 

Adenosine  268.1/136.1 58-61-7 Nucleotide/Purine 

metabolism 

 Yes 

Adipic Acid  144.9 / 83.0 124-04-9 Caprolactam degradation  Yes 

Agmanite  131.0 / 72.0 2482-00-0 Polyamine metabolism   Yes 

Alanine  90.0 / 44.0 56-41-7 Amino Acid  Yes 

Alpha-Ketoglutaric Acid  145.0 / 101.0 328-50-7 TCA Cycle  Yes 

Anthranilate  136.0 / 118.0 118-92-3 Amino Acid 

metabolism/Trp, Phe, Tyr 

 Yes 

Arachidonate  303.3 / 59.0 6610-25-9 Lipids/phospholipids, 

ligand 

 Yes 

Arginine  175.1 / 70.0 1119-34-2 Amino Acid  Yes 

Asparagine  133.1 / 74.0 70-47-3 Amino Acid  Yes 

Aspartic Acid  134.1 / 74.0 56-84-8 Amino Acids  Yes 

Azelaic Acid  187.0 / 125.0 123-99-9 Fatty Acids and Conjugates  Yes 

Benzoic acid  121.0 / 77.0  65-85-0 Amino Acid 

(Phenylalanine 

Metabolism, others) 

 Yes 

Betaine  118.0 / 58.0 107-43-7 Amino acids metabolism 

/Gly,Ser, Thr metabolism 

 Yes 

Biotin  243.1 / 200.0 58-85-5 Vitamins  Yes 

Carnitine  162.1 / 85.0 541-15-1 Amino acids metabolism 

/Lys 

 Yes 

Chenodeoxycholate  391.0 / 74.0 474-25-9 Bile acid metabolism  Yes 

Choline  104.1 / 60.0 62-49-7 Vitamins  Yes 



Citraconic Acid  129.0 / 85.0 498-23-7 Amino Acid metabolism 

/Val, Leu, IL 

 Yes 

Citric Acid  191.0 / 111.0 77-92-9 TCA Cycle  Yes 

Citrulline  174.0 / 131.0 372-75-8 Urea Cycle   Yes 

Creatine  132.1 / 90.0 57-00-1 Amino acids metabolism 

/Arg, Gly 

 Yes 

Cystathionine 221.1 / 134.0 56-88-2 Amino acids metabolism 

/cys 

 Yes 

Cysteine  122.0 / 59.0 52-90-4 Amino Acid  Yes 

Cystine  241.1 / 120.0 56-89-3 Amino acids metabolism  Yes 

Cytidine  244.0 / 112.1 65-46-3  Nucleotide/Pyrimidine 

metabolism 

 Yes 

Deoxycarnitine  147.1 / 87.0 6249-56-5 Lipids/phospholipids, 

ligand 

 Yes 

D-Leucic Acid  131.0 / 85.0 20312-37-2 Amino Acid 

metabolism/Leu 

 Yes 

Dopamine  152.1 / 122.0 62-31-7 Adrenaline Metabolism   Yes 

Epinephrine/Normetanephrine  184.1 / 166.2 51-43-4 Amino Acid metabolism 

/Tyr,ligand 

 Yes 

Erythrose  119.0 / 71.0 1758-51-6 Sugar  Yes 

F16BP/F26BP/G16BP 339.0 / 97.0  488-69-7   Glycolysis/sugar  Yes 

Folic Acid  440.1 / 311.0 59-30-3 One carbon pool by folate  Yes 

Fumaric Acid  115.0 / 71.0 100-17-8 TCA Cycle  Yes 

G6P/F6P/F1P 259.0 / 97.0 56-73-5  Glycolysis/sugar  Yes 

gama-Aminobutyrate  102.1 / 56.0 56-12-2 Amino Acid metabolism 

/Ala, Glu, Asp 

 Yes 

Glucose  179.0 / 89.0 50-99-7 Glycolysis/sugar  Yes 

Glutamic acid  148.1 / 84.0 56-86-0 Amino Acid  Yes 

Glutamine  147.1 / 84.0 56-85-9 Amino Acid  Yes 

Glutaric Acid  131.0 / 87.0 110-94-1 Amino Acids/lys, trp, fatty 

acids 

 Yes 

Glyceraldehyde  89.0 / 59.0 56-82-6 Sugar  Yes 

Glycerate  105.0 / 75.0 600-19-1 Amino Acid metabolism 

/Gly, Ser 

 Yes 

Glycine  76.0 / 30.1 56-40-6 Amino Acid  Yes 

Guanosine  284.0 / 152.1 118-00-3 Nucleotide/Purine 

metabolism 

 Yes 

Histidine  156.1 / 110.0 5934-29-2 Amino Acid  Yes 

Homoserine  120.1 / 74.0 672-15-1 Amino acids metabolism 

/Thr, Met, Asp 

 Yes 

Homovanilate  181.0 / 137.0 306-08-1 Amino acids metabolism 

/Tyr,ligand 

 Yes 

Hydroxyproline  132.1 / 86.2 51-35-4 Amino acids metabolism 

/Pro 

 Yes 

Hypoxanthine  135.0 / 92.0 68-94-0 Nucleotide  Yes 



Inosine  269.0 / 137.1 58-63-9 Nucleotide/Purine 

metabolism 

 Yes 

Inositol  179.0 / 87.0 87-89-8  Glucose/inositol 

metabolism 

 Yes 

iso-Leucine  132.1 / 86.0  73-32-5 Amino Acid  Yes 

isoValeric Acid  101.0 / 83.0 503-74-2 Amino Acid   Yes 

Kynurenate  188.0 / 143.8 492-27-3 Amino Acid metabolism 

/Try 

 Yes 

lactate  89.0 / 43.0 79-33-4 Glycolysis/TCA  Yes 

Lactose  341.0 / 59.0 63-42-3 Sugar/Galactose  Yes 

Leucine  132.1 / 86.0 61-90-5 Amino Acid  Yes 

L-Kynurenine 209.1 / 94.0 343-65-7 Tryptophan Cycle  Yes 

Lysine  147.1 / 84.0  56-87-1 Amino Acid  Yes 

Malate  133.0 / 115.0 6915-15-7 TCA Cycle  Yes 

Maleic Acid  115.0 / 71.0  110-16-7 TCA Cycle  Yes 

Malonic Acid  103.0 / 41.0 141-82-2 TCA Cycle  Yes 

Margaric Acid  269.1 / 251.3 506-12-7 Fatty acid metabolism  Yes 

Methionine  150.1 / 61.0 63-68-3 Amino Acid  Yes 

Myristic Acid  227.1 / 209.0 544-63-8 Fatty acid metabolism  Yes 

N2,N2-Dimethylguanosine  312.0 / 180.1 2140-67-2 Nucleotide/Purine 

metabolism 

 Yes 

N-AcetylGlycine  116.0 / 74.0 543-24-8 Amino Acid metabolism  Yes 

Niacinamide  123.0 / 80.0 98-92-0 Vitamins  Yes 

OH-Phenylpyruvate  179.0 / 89.0  156-39-8 Amino Acid / Tyrosine 

metabolism 

 Yes 

Ornithine  133.1 / 70.0 3184-13-2 Urea cycle  Yes 

Orotate  155.0 / 111.0 50887-69-9  Nucleotide/Pyrimidine 

metabolism 

 Yes 

Oxalacetate  131.0 / 113.0 328-42-7 TCA Cycle  Yes 

Pentothenate  218.1 / 88.0 137-08-6 Amino acids metabolism 

/alanine, CoA 

 Yes 

Phenylalanine  166.1 / 120.0 63-91-2 Amino Acid  Yes 

Pipecolate  130.0 / 84.0 3105-95-1 Amino Acid  Yes 

Proline  116.1 / 70.0 147-85-3 Amino Acid  Yes 

Putrescine  89.0 / 72.0 110-60-1 Polyamine metabolism   Yes 

Pyroglutamic Acid  130.0 / 83.4 98-79-3 Amino acids/Glu  Yes 

Pyruvate  87.0 / 43.0 127-17-3 Glycolysis/amino acids 

metabolism 

 Yes 

Quinolinate  166.0 / 78.0 89-00-9 Amino Acid/ Tryptophan, 

alanine metabolism 

 Yes 

Ribose-5-P  229.0 / 79.0 3615-55-2 Pentose phosphate pathway  Yes 

Salicylurate  196.1 / 152.0 487-54-7 Amino Acid metabolism 

/Gly 

 Yes 

Sarcosine  89.9 / 44.0 107-97-1 Amino Acid   Yes 

Serine  106.0 / 60.0 56-45-1 Amino Acid  Yes 



Shikimic Acid  173.0 / 93.0 138-59-0 Amino Acid metabolism 

/Phe, Tyr,Trp 

 Yes 

Sorbitol  183.0 / 91.0 6706-59-8 Sugar  Yes 

Spermidine  146.1 / 72.0 124-20-9 Polyamine metabolism   Yes 

Succinate  117.0 / 73.0 110-15-6 TCA Cycle  Yes 

Sucrose  341.0 / 59.0  57-50-1 Sugar  Yes 

Taurine  126.0 / 108.0 107-35-7 Amino acids 

metabolism/Sulfur 

metabolism  

 Yes 

Threonine  120.1 / 74.0 72-19-5 Amino Acid  Yes 

Trimethylamine-N-oxide 

(TMAO)  

76.1 / 58.0 1184-78-7 Gut flora metabolism / 

Redox 

 Yes 

Tryptophan  205.1 / 146.0 73-22-3 Tryptophan Cycle  Yes 

Tyrosine  182.1 / 136.0 60-18-4 Amino Acid  Yes 

Uridine  245.0 / 113.1 58-96-8 Nucleotide/Pyrimidine 

metabolism 

 Yes 

Valine  118.1 / 72.0 72-18-4 Amino Acid  Yes 

Xanthine  151.0 / 108.0 69-89-6 Nucleotide  Yes 

Xanthurenate  204.0 / 160.0 59-00-7 Amino acids metabolism  Yes 

1/3-Methylhistidine  170.0 / 96.0 368-16-1 Amino Acid (Histidine 

Metabolism) 

 

12-HETE  319.2 / 179.0 54397-83-0 Lipids/phospholipids, 

ligand 

 

13-HODE  295.2 / 195.0 29623-28-7 Lipids/phospholipids, 

ligand 

 

1-Methylguanosine  298.0 / 166.1 2140-65-0 Nucleotide/Purine 

metabolism 

 

1-Methylhistamine  126.0 / 96.0 501-75-7 Amino acids 

metabolism/His 

 

3-Phosphoglyceric Acid  185.0 / 97.0 820-11-1  Glycolysis 
 

2'-Deoxyuridine  229.0 / 113.0 951-78-0 Nucleotide/Pyrimidine 

metabolism 

 

3-Hydroxykynurenine  225.2 / 110.1 484-78-6 Tryptophan Cycle 
 

3-Nitro-tyrosine  225.0 / 163.0 3604-79-3 Oxidative Damage 
 

5-Hydroxymethyl-2'-

deoxyuridine  

259.0 / 143.1 5116-24-5  Nucleotide/Purine 

metabolism 

 

5-Hydroxytryptophan  221.0 / 133.2 4530-09-8 Tryptophan Cycle 
 

6-Methyladenosine  282.0 / 150.1  1867-73-8 Nucleotide/Purine 

metabolism 

 

8-hydroxyguanosine 300.0 / 168.1 3868-31-3 Nucleotide/Purine 

metabolism 

 

8-Oxo-2'-deoxyguanosine  284.0 / 168.1 88847-89-6 Nucleotide/Purine 

metabolism 

 

Adenine  134.1 / 107.0 73-24-5 Nucleotide/Purine 

metabolism 

 

Adenylosuccinate  462.1 / 79.0 19046-78-7 Nucleotide/Purine 

metabolism 

 



ADP  426.0 / 134.0 20398-34-9 Nucleotide/Purine 

metabolism 

 

Allantoin  157.0 / 114.0 97-59-6 Nucleotide Degradation 
 

Allopurinol  135.0 / 64.0 315-30-0  Nucleotide metabolism 

(Drug) 

 

Aminoisobutyrate  104.1 / 86.0 144-90-1 Amino acids metabolism 

/Val, Leu, iso-Leu 

 

AMP  346.1 / 79.0 149022-20-8 Nucleotide 
 

Ascorbic Acid (Vit. C)  175.0 / 87.0 50-81-7 Vitamin, Cofactor 
 

ATP  505.9 / 79.0 51963-61-2 Nucleotide 
 

Cadaverine  103.0 / 86.0 462-94-2 Amino Acid 
 

cGMP  344.0 / 150.0 7665-99-8 Nucleotide/Purine 

metabolism 

 

CMP  322.0 / 97.0 63-37-6  Nucleotide/Pyrimidine 

metabolism 

 

Creatinine  114.1 / 44.0 60-27-5 Amino acids metabolism 

/Arg, Gly 

 

Cystamine  153.0 / 108.0 51-85-4  Amino acids metabolism 

/Cys 

 

Cysteinyl-Glycine (Cys-Gly)  179.1 / 76.0          19246-

18-5 
Amino acids degradation 

 

Cytosine  112.1 / 95.0 71-30-7 Nucleotide 
 

DCDP  386.0 / 159.0 800-73-7 Nucleotide/Pyrimidine 

metabolism 

 

DCMP  306.0 / 110.0 1032-65-1 Nucleotide/pyrimidine 
 

D-GA3P  168.9 / 97.0 142-10-9 Glycolysis/Glycogenesis 
 

DHAP  168.9 / 78.8 57-04-5 Glycolysis/phospholipid 
 

Dimethylglycine  104.1 / 58.0 1118-68-9 Vitamins 
 

DTMP  321.1 / 79.0 365-07-1 Nucleic Acid  
 

DUMP  307.0 / 195.0 964-26-1 Nucleotide/pyrimidine 
 

DUTP  467.0 / 159.0 1173-82-6 Nucleotide/pyrimidine 
 

Fructose  179.0 / 89.0  57-48-7 Sugar 
 

Galactose  179.0 / 89.0  15572-79-9 Sugars 
 

GDP  442.0 / 159.0 43139-22-6 Nucleotide/Purine 

metabolism 

 

Geranyl Pyrophosphate  313.1 / 79.1 763-10-0 Ubiquinone and other 

terpenoid-quinone 

biosynthesis  

 

Gibberellin  345.2 / 144.2 77-06-5 Diterpenoid biosynthesis  
 

Glucoronate  193.0 / 73.0 1700908 Amino sugar and 

nucleotide sugar 

metabolism  

 

Glucosamine  180.1 / 162.0 3416-24-8 Amino sugar and 

nucleotide sugar 

metabolism 

 

Glycerol  93.0 / 75.0 56-81-5 Fatty acid metabolism 
 



Glycerol-3-P  171.0 / 79.0 29849-82-9 Lipids/Glycerol lipid 
 

Glycochenodeoxycholate  448.3 / 74.0 640-79-9 Bile acid metabolism 
 

Glycocholate  464.3 / 74.0 475-31-0 Bile acid metabolism 
 

GMP  364.1 / 151.8 85-32-5 Nucleotide/Purine 

metabolism 

 

GTP  522.0 / 159.0 373-49-9 Nucleotide/Purine 

metabolism 

 

Guanidinoacetate  116.0 / 74.0  352-97-6 Amino Acid metabolism 

/Gly, Ser,Thr 

 

Histamine  112.0 / 95.0 51-45-6 Nucleotide 
 

Homocysteine  136.0 / 90.0 454-29-5 Amino acids metabolism 

/Cys, Met 

 

Homogentisate  167.0 / 123.0 451-13-8 Amino Acid metabolism 

/Tyr 

 

Hippuric Acid  178.0 / 134.0 495-69-2 Amino Acid metabolism 

/Gly 

 

IMP  347.0 / 79.0 131-99-7 Nucleotide/Purine 

metabolism 

 

isoButyric Acid  87.0 / 42.0 79-31-2 Fatty acid metabolism 
 

Linoleic Acid  277.1 / 259.0 60-33-3 Fatty acid metabolism 
 

Linolenic Acid  279.1 / 261.0 463-40-1 Fatty acid metabolism 
 

Malondialdehyde  71.0 / 41.0 542-78-9 Oxidative Damage 
 

Mannose  181.0 / 99.0 3458-28-4 Sugar/Galactose 

Metabolism 

 

Melatonin  231.1 / 58.0 73-31-4 Neuroactive ligand 
 

Methylmalonate  117.0 / 73.0  516-05-2 Vitamins 
 

Methyl-OH-isobutyrate  117.0 / 85.0 2110-78-3 Fatty acid metabolism 
 

MethylSuccinate  131.0 / 69.0 498-21-5 Amino Acid metabolism 

/Isoleu 

 

Mevalonate  147.1 / 59.0 150-97-0 Terpenoid backbone 

biosynthesis  

 

N-Acetylneuraminate  308.1 / 87.0 131-48-6 Sugars 
 

N-Acetylputrescine  131.1 / 114.0 18233-70-0 Polyamine metabolism  
 

N-Carbamoyl-B-Alanine  131.1 / 115.0 462-88-4 Urea cycle 
 

Nicotinate (Niacin)  122.0 / 78.0 59-67-6 Nicotinate and 

nicotinamide metabolism  

 

OMP  367.0 / 323.1 2149-82-8 Nucleotide/Pyrimidine 

metabolism 

 

Oxalic Acid  89.0 / 61.0 144-62-7 Glyoxylate and 

dicarboxylate metabolism  

 

Oxidized glutathione  611.2 / 306.0 27025-41-8 Oxidative Damage 
 

Oxypurinol  151.0 / 42.0 2465-59-0 Nucleotide metabolism 
 

PEP  166.9 / 79.0 138-08-9 Glycolysis 
 

PGE  351.2 / 315.3 363-24-6 Lipids/Arachidonic acid 

metabolism  

 

Phosphotyrosine  262.0 / 81.0 N/A Amino acids metabolism 
 



PPA  163.0 / 91.0 156-06-9 Amino acids 

metabolism/Phe 

 

Propionate  73.0 / 55.0 79-09-4  Nicotinate and 

nicotinamide metabolism  

 

PRPP  389.0 / 176.9 7540-64-9 Nucleotide/Purine 

metabolism 

 

Pyridoxal-5-P  246.0 / 96.9 54-47-7 Vitamins/B6 
 

Reduced glutathione  306.1 / 143.0 70-18-8 Oxidative Damage 
 

Spermine  203.1 / 129.0 71-44-3 Polyamine metabolism  
 

Taurocholate  514.5 / 124.0 81-24-3 Conjugated bile acid 

biosynthesis 

 

Trimethylamine (TMA)  60.0 / 44.0 75-50-3 Gut flora metabolism / 

Redox 

 

Tryptamine  161.1 / 144.0 61-54-1 Amino Acid 
 

Tyramine  138.1 / 77.0 51-67-2 Amino Acid 
 

UDP  403.0 / 79.0 21931-53-3 Nucleotide/Pyrimidine 

metabolism 

 

Uracil  111.0 / 42.0 66-22-8 Nucleotide/Pyrimidine 

metabolism 

 

Urate  167.0 / 124.0 69-93-2 Nucleotide/Purine 

metabolism 

 

Xanthosine  283.1 / 151.0 146-80-5 Nucleotide/Purine 

metabolism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Table 3. Metabolites from apical and basal side without RPE cells 

Metabolite (Q1/Q3) Apical Basal Basal/Apical 

Deoxycarnitine (147.1 / 87.0) 108617 99340 -1.09  

Orotate (155.0 / 111.0) 660670 595588 -1.11  

Malate (133.0 / 115.0) 78580 71128 -1.10  

Succinate (117.0 / 73.0) 479093 435979 -1.10  

G1P/G6P/F6P/F1P (259.0 / 97.0) 26740 24607 -1.09  

Choline (104.1 / 60.0) 74022501 68297218 -1.08  

Tryptophan (205.1 / 146.0) 20997904 19399555 -1.08  

Proline (116.1 / 70.0) 47939248 44459344 -1.08  

D-Leucic Acid (131.0 / 85.0) 74664 69408 -1.08  

Methionine (150.1 / 61.0) 21346013 19845649 -1.08  

Pipecolate (130.0 / 84.0) 63759837 59336533 -1.07  

2/3-Phosphoglyceric Acid (185.0 / 97.0) 142105 132805 -1.07  

Leucine (132.1 / 86.0) 124332792 116285961 -1.07  

Glycine (76.0 / 30.1) 1803654 1688284 -1.07  

4-Hydroxybutyrate (105.0 / 77.0) 526124 492648 -1.07  

Cystine (241.1 / 120.0) 23511115 22031136 -1.07  

Serine (106.0 / 60.0) 38300307 35901714 -1.07  

5-Aminovaleric Acid (118.0 / 55.0) 76442002 71658210 -1.07  

Pentothenate (218.1 / 88.0) 36025024 33792298 -1.07  

Ornithine (133.1 / 70.0) 949045 890298 -1.07  

Phenylalanine (166.1 / 120.0) 158648320 149587484 -1.06  

Glutamine (147.1 / 84.0) 139606038 131708750 -1.06  

Sorbitol (183.0 / 91.0) 1647319 1557368 -1.06  

Adipic Acid (144.9 / 83.0) 281842 266461 -1.06  

2-Hydroxyglutarate (147.0 / 129.0) 1559846 1474924 -1.06  

Agmanite (131.0 / 72.0) 231852 219491 -1.06  

iso-Leucine (132.1 / 86.0 (2)) 129931131 123169053 -1.05  

Putrescine (89.0 / 72.0) 10714368 10178649 -1.05  

Oxalacetate (131.0 / 113.0) 19802264 18837607 -1.05  

Tyrosine (182.1 / 136.0) 41401807 39394375 -1.05  

Anthranilate (136.0 / 118.0) 207168 197264 -1.05  

isoValeric Acid (101.0 / 83.0) 1023726 974969 -1.05  

Valine (118.1 / 72.0) 36690045 34944587 -1.05  

Inositol (179.0 / 87.0) 3390301 3230416 -1.05  

Erythrose (119.0 / 71.0) 311672 296983 -1.05  

Pyroglutamic Acid (130.0 / 83.4) 2230801 2127104 -1.05  

Betaine (118.0 / 58.0) 227800 217293 -1.05  

Guanosine (284.0 / 152.1) 30152 28809 -1.05  

Margaric Acid (269.1 / 251.3) 46066 44036 -1.05  



Taurine (126.0 / 108.0) 291529 278804 -1.05  

gama-Aminobutyrate (102.1 / 56.0) 51899 49700 -1.04  

Alanine (90.0 / 44.0) 10362304 9927712 -1.04  

Glycerate (105.0 / 75.0) 2364611 2276912 -1.04  

Threonine (120.1 / 74.0 (2)) 100265088 96631988 -1.04  

Glutamic acid (148.1 / 84.0) 24329306 23523293 -1.03  

Aspartic Acid (134.1 / 74.0) 10419145 10078003 -1.03  

5-Hydroxytryptophan (221.0 / 133.2) 51444 49820 -1.03  

Xanthurenate (204.0 / 160.0) 375778 366283 -1.03  

Arachidonate (303.3 / 59.0) 313777 306517 -1.02  

Alpha-Ketoglutaric Acid (145.0 / 101.0) 15699362 15367425 -1.02  

Glutaric Acid (131.0 / 87.0) 97437 95613 -1.02  

Lactose (341.0 / 59.0) 242351 238545 -1.02  

Lysine (147.1 / 84.0 (2)) 140535658 138939810 -1.01  

Citrulline (174.0 / 131.0) 6205036 6137912 -1.01  

Histidine (156.1 / 110.0) 88798120 88030618 -1.01  

Sucrose (341.0 / 59.0 (2)) 78008 77640 1.00  

Homovanilate (181.0 / 137.0) 2278458 2272062 1.00  

N-AcetylGlycine (116.0 / 74.0) 99550 99379 1.00  

Arginine (175.1 / 70.0) 122727332 123515225 1.01  

Glucose (179.0 / 89.0) 125734860 126835139 1.01  

2-Hydroxyisovaleric Acid (117.0 / 71.0) 46543 47109 1.01  

L-Kynurenine (209.1 / 94.0) 176495 179959 1.02  

4-Pyridoxic acid (182.1 / 138.0) 6194403 6316381 1.02  

Azelaic Acid (187.0 / 125.0) 1431051 1471069 1.03  

3HBA (103.0 / 59.0) 389630 401492 1.03  

Citraconic Acid (129.0 / 85.0) 156095 162246 1.04  

Trimethylamine-N-oxide (TMAO) (76.1 / 58.0) 178383 186300 1.04  

OH-Phenylpyruvate (179.0 / 89.0 (4)) 150449 157250 1.05  

lactate (89.0 / 43.0) 1115622 1175040 1.05  

Asparagine (133.1 / 74.0) 6450226 6856641 1.06  

Fumaric Acid (115.0 / 71.0) 377718 403619 1.07  

F16BP/F26BP/G16BP (339.0 / 97.0) 423450 453034 1.07  

3-Methyl-2-Oxovaleric Acid (129.0 / 101.0) 19146 20689 1.08  

Nicotinate (Niacin) (122.0 / 78.0) 150644 162905 1.08  

Niacinamide (123.0 / 80.0) 11649630 12621067 1.08  

Shikimic Acid (173.0 / 93.0) 65286 70901 1.09  

Kynurenate (188.0 / 143.8) 140534 156442 1.11  

1C13-Lactate (90.0 / 44.0) 31854029 33764511 1.06  

213C-Tyrosine (184.1 / 138.0) 48851901 50342024 1.03  
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